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EXPERIMENTAL AND ANALYTICAL DETERMINATION OF THE MOTION
OF HYDRAULICALLY OPERATED VALVE STEMS IN OIL ENGINE
INJECTION SYSTEMS .

By A. G. GELALLES and A. M. ROTHROCK

SUMN1ARY

T7ris research (m the pressure ixviaticm8 in the injection system of the X. A. C. .4. Spray
Photography Equipment and on the eJect8 of these radiations on the motion oj the timing ralre stem
was undertaken in connection with the study of fuel injection sys~em~for high-speed oil engines.
The Spray Photography Equipment employed for the~e test8 consists of a juel injection sy8tem for
producing an oil %pray, an electrical spark system for illuminating the spray, and a piiatographic
camera for recording ite development. The fuel injection syetem contains a high-prewure hand
pump for producing the injection pressures, an oil rew-roir for maintaining the pressures of the
fuel during the injection, a timing ralre for timing the start of the 02 spra y, an injection calre for
atomizing the oilt and a by-pass ralre jor controlling the eut~~ of the spray. Additions were made
to the apparatus in ordgr to recird the motion of the timing ralre stem photographically.

me timing ralre stern uus held again8t its 8eat .by ‘a helical 8pring 80 adjusted that the total
hydraulic force on the stem actuated ii immediately after it had been mechanically lifted from it8
seat. The lift of the stem WU8recorded photographically to determine tlke e$ect$ of injection tubes
7 inches and @ inche8 long. T%e pressure radiations at the seat and in the injection cake tubes
were analyzed and the Ti% of the stem for both tube8 computed from the analysis and compared
with the experimental record8.

The cakulation8 indicate that the hydraulic pressure at the timing rulre seat was rising at a
rate of W0,000,GUL?pound8 per 8quare inch per 8econd when the timing rake 8tem hud been lifted
0.004 inch, and that the hydraulic prwnu-e throughd the tube did not apprm”mate that of the oil
in the re8erroir uniil 0.0098 second after the timing ralre 8tarted to open with the .&inch tube and
0.0003 8econd with the 7-inch tube. T%e cakulaiicm8 and experiments indicate that after the by-paa.s
ralre started to open the hydraulic pressure in the tube dropped to the closing pre8#ure of the iiming
calce in 0.0016 8econd w.th the .@-inch tu~e and in O.000~ 8econd wdh. the 7-inch tube. T%ephoto-
graphic record8 of the stem motion 8haw that the stem reached tlie mam”mum lift approximately 0.001
8econd later -with the .&inch tube than with the 7&3 tube, ad that the valre stem 8eated 0.0006
second later w“th the -&inch tube than with the 7-inch tube.

The general equation for the motion of the 8tem of a ~pm”ng-baded ralre when the motion is
controlled by hydraulic pressure is s

where f= hydraulic Jorce on t7te 8tem at any time t 8econds a$er the start of motion plus or minu8
the friction of tfie stem in it8 guide,

h= 8cale of 8pring,
s = compression of the &pring at any time t 8eccmd8 after the 8tart of motion,

m = mass of mming part8,

The methods of analysis of the pressure rariation~ and the general equation for the mohkn of
the spring-loaded stem for the timing nalre are applicable to a spring-loaded automatic injet%on
cake, and in general to all hydraulically operated valre8. A sample calculation for a 8pring-baded
automatic injeetion ralce is included.
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INTRODUCTION

The design of an efficient, smooth-running, high-speed oil engine requires carefu~ study of
the operation of its fuel tijection system. Of the two types of injection systems generalIy used—
air injection and hydraulic pressure injection-the hydraulic pressure system is particdarly
adaptable to the high-speed oil engine. There are two types of hydrauIic pressure injection
systems, one using a mechanically operated injection valve, and the other a hydraulically
operated or automatic injection valve. Most fuel injection systems using automatic injection
valves are fitted with an injection tube a foot or more in length between the injection vaIve and
the fuel pump. The oil in this tube, with few exceptions, is subjected .to high pressures only
during the injection period. The instantaneous pressures at the injection valve are not--the same
as those in the fuel pump because of the compressibility of the oil within the injection tube, the
elasticity of the injection tube walls, and the inertia of the oil.

The form and penetration of a fuel spray from an injection valve depend largely on the
hydraulic pressure variations in the injection valve during the injection period. The pressures
under which the injection vaIve operates are affected.fi a Iarge extent by the comprwsibility
of the oil within the injection tube, the elasticity of the tube walls, and such pressure

A, By-pass valve; Rese< voir. E, lqecf~uioevafve
.x Pressure gauge; 4
C, Mirror uttochmen+;
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waves as may occur in the injection ‘system,
These pressure variations can be approximately
determined by analyzing the effects of injcctiou
tube length and bore, residual pressure in thp
injection tube, injection pressure, and diflorcnt
rites of pump displacement. No experimental
or theor@ical data, so far as is known, h~ve been
pubIished on these va~ations of pressure during
the period of injection.

Inv&Mgations have been started at the
FIGUREI.—DIogrsmmatfcarrangementof apparatusfor Langley Memorial Aeronautical Laboratory at

woductIonsnd controlof Smy
LangIey “Field,” Vs., for the purpose of studying

these pressure variations in the injection system of the N. A. C. A. Spray Photography Equip-
ment. (Reference 1.) This injection system consists of an oil reservoir into which thti fueI oil
is pumped undar hydraulic pressures up to 8,000 potids per square inch, a timing valve to
release the oil under pressure from the reservoir to the “injection valve, an injection-valve tube
connecting the timing valve to the injection valve, and the injection valve from which the oil
is”sprayed into the spray chamber.

This report covers an investigatiofi of the pressure variations in this injection system in which
the motion of the timing valve was determined experimentally when its lift was controlled by
the hydraulic pressure of the oil in the reservoir. The. purpose of this investigation was, first,
to determine how closely the actual motion of the timing-valve stern approached the motion
of the stern as it was computed from an anaIysis of the pressure causing the stem to lift, and,
second, to determine the effect of the length of the @jection-valve tube on the pressure varia-
tions at the timing valve. The timing-valve stem was held against its seat by a helic.aI spring
so adjusted that the stem was actuated by the oil pressure after it-had been lifted appro.simately
0.001 inch from the mat by a cam-operated rocker arm. Thus the operation of the timing
valve under this spring load was similar to that of a spring-loaded automatic injection valve.

APPARATUS AND METHODS

The N. A, C. A. Spray Photography Equipment (Riference 1) consists of a fuel-injection ‘
system for producing the oil spray, an electrical-spark system for illuminating the spray, and
a photographic camera for recording its development. The fuel injection system (fig. 1) con-
tains a high-pressure hydarulic hand pump for producing the injection pressures, an oil reser-
voir for maintaining the pressure during injection, a thiing valve for timing the sttirt of inj ec-
tion, an injection vaIve for atomizing the oiI, and a by-pass valve for controlling the cut-off of
the injection.
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The timing vaIve (fig. 2) is a spring-Ioaded needle valve operated by a cam end a rocker
arm. One half of a clutch similar to the type used in punch presses is rigidly attached to a
shaft that is driven by an eIectric motor at 950 r. p. m. The other half of the clutch is mounted

....—----

on the cam shaft and engages the first half when a trip Iever is struck. The two halv~ of the

-.

clutch remain engaged for one revolu-
tion of the cam shaft causing a com-
pIete cycIe of the operation of the
injection system to take place.

Additional apparatus was in-
staUed @g. 3) in order to record the
motion of the timing valve stem
photographically. A pivoted mirror
was connected to the outer end of
the timing vake stem by a lever arm.
A beam of light from a point source
was focused on this minor by a lens
and was reflected onto a photographic
tim mounted on a drum which was
rotated by an electric motor at a
speed of 3,400 r. p. m. by motion
of the stem changed the angle of the
mirror and the position of the te-
flected beam of light on the &n.
The motion of the stem during the
operation of the valve was thus record-
ed on the film as a continuous line.

‘–b–17-eciirrrr f 0 rn7 ressrvo[ To tifioipre~e
confrcd vglve.
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lt wee desired in this research to investigate the pressure variations at the timing-valve
seat and in the iniection tube as welI as the motion of the timing valve stem. Consequently,

.

the spring” force o: the stem was adjusted so that it was less thin the hydraulic force on the
stem ‘when the valve was opened, but still held

Poinf source ,of Iighf

FIGCTtS3.—-4pperatusfar reccdng the nmfforrof tfre tlrntngTalve
srem. Enb.rged views of end of tbdng mke, elrowfng rnfrrrr
attaehrrmton end of stem glwn atrfghtc4figure

the stem against the seat with sufficient force
to prevent leakage of the-fuel when the -
valve was cIosed. The hydraulic force on
the stem from the injection pressure used in
these tests was 153 pounds when the vaIve
was opened and 67 pounds when the valve
was closed. A spring force of 132 pounds
was found sticient to prevent leakage.
Under these conditions the hydraulic force
actuated the stem after the cam had lifted it -
sufficiently to permit the oil pressure ta build
up around the seat and end of the stem. The
rocker arm (&. 2) was adjusted with a clear-
ance of 0.001 inch between it and the spring
follower when the valve was cIosed so that
the entire spring force acted upon the seat.

The test procedure was sirdar to that
used in the tests on injection valves with t,lis
apparatus. (Reference 1.) The pressure was

,-

raised by means of the hydraulic hand pump to 1,000 pounds per square inch in the injection . ..

valve tube and to 8,000 pounds per square inch in the oiI reservoir. The rotating half of
the cIutch and the illm drum were brought to the test speeds. The beam of light was

-—

focused on the mirror. The clutch trip Iever was struck, the clutch engaged, ~d tue .-. . .__.
cam shaft made one revolution. Oil pass6d through the opening between the stem and the _. -
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nozzle seat of the timing vaIve as the rocker arm lifted the stem and the oil pressure built up
around the seat and end of the stem. As soon as the hydraulic force exceeded the spring force, .-

the stem lifted at a faster rate than that-produced by the cam. The oiI passed through the
timing valve into the injection vaIve tube, forced the injection valve open and sprayed into the
spray chamber. A second cam opened the by-pass valve 0.0043 second after the timing vaIve
stem was put in motion, the prewure dropped in the injection tube, an”d the injection valve
closed.

●

A record was taken of the motion of the timing valve stem as produced by the cam alone
with no oiI in the systgm, so that the start of the motion produced by the hydraulic pressure
might be obtained. The force acting on the rocker arm at the start of the motion was increased
67 pounds when no hydraulic pressure was used in the system. The Meet of the rocker arm
deflection on the lift of the stem due ta this difference of force was found by both computations
and experiment to be .0.0006 inch. Corrections were made for the rocker arm deflection in order
to compare this record with those produced by the hydrauIic. pressure,

EXPERIMENTAL RESULTS

A photographic record of the motion of the timing valve stem with the 7-inch injection
tube is shown in Figure 4. The time is recorded horizontally and the lift vertically. The hwi-
zontal line represents zero lift. The velocity with which the stem was lifted is seen to havo
increased during the first part of the opening of the valve and then to have remained practically
constant until ;he m&&-um lift- was-reac~ed. This maximum lift, due to the

FIGUBEL—Remrd of the tlmlng velve stem moth. Thbe length7 inohes. In]wtion
pressure8,W)Ib./eq. in. InItielInject[on tube @ewe 1,000lb./sq. in.

moving parts of the valve, was greater than the Iift at. which the restoring force of the spring
was in equilibrium with the hydraulic force .. ...The reeuhing harmonic motion produced by this
effect was damped out by the reversal of the friction of the stem in its guide and by the inertia
of the oil. The stem then remained in the position at which the spring force, hydraulic force,
and friction were in equilibrium. This part of the curve has a slight downward slope because
of the discharge of the oil from the reservoir. The presi.ure in the system was released after an
interval of 0,0043 second by the opening of the by-pass valve. As the pressure across the timing
valve seat dropped the stem was forced back by the valve spring to the closed position. The
rate of closing of the valve was controlled by the spring force, the rats of pressure drop, the
inertia of the moving parts of the valve, ,~d the friction of the stem in its guide. The stem
rebounded after the impact against its seat since the excess of spring force over the hydraulic
force at this time was smaH.

The record shown in Figure 4 is reproduced in curve (a) (fig. 5), with the coordinates of
.

time and lift. Curve (b) (fig. 5) is a reproduction of a photographic record of the stem motion
with the.43-inch injection tube. Curve (c) (fig, 5) is a reproduction of a record of the stem motion
produced by the cam alone. The variations between curves (a) and (b) are caused by the
effects of the injection tube Iengths on the volumes of the oil in the tubes and the distance of
pressure wave travel, since aII other test conditions were maintained constant. The difference
between the rates of opening of the valve for the two-injection tubes indicates that with the
shorter tube and smaller ofl volume the pressure at-the timing valve seatmnd across the end of
the timing valve stem increased. faster than with the longer tube. The maximum Iif t is greater
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with the 7-inch tube because of the higher velocity of the stem as Micat ed in Figure 5, The rate
of closing of the timing vaI-re is approximately the same for both tubes. Howe~er, with the
7-inch tube the -rake closed about 0.0005 second earIier than with the 43-inch injection tube,
aIthough the by-pass wdve opened at the same time for both tubea. The curves show that the
wIocities with which the stem came in contact with the seat., points A and A’, -were comparal.i-reIy
high and that the valve stem rebounded from the seat.

—

Thq seconds

Fr.mm 5.—Effectof Meetion ndve tube lengthon the Iift of the thins rake stem.
“ I@etion pcme, &0_13lbk in. Initialprewreh the Me&Ion tire tie, l,OXl

lb@q. in. Cume a-tuba length 7 fnohw Inside diameter H inch; cmre b+ube
length43Inchq fnsidediameterH Indu mum c-stem mc4kinhqwrted by thecam

The experimental records do not” give exact measures of the pressures existing at the timing
valve seat and end of the stem while the stem was in motion because of the friction and inertia
of the moving parts. They do, howemr, give a direct comparison between the &tTerent test
conditions. The straight-line portion of each curve is a measure of the masimum pressure and
the friction, since the maximum pressure at the valve seat was maintained for a short time.

ANALYSIS OF PRESSURE VARIATION5-COMPUTATIONS OF THE VALVE-STEM MOTION

A mathematical analysis can be made of the pressure vmiations in the timing valve and
in the injection valve tube born which the motion of the timing d-m stem for given test con-
ditions can be approximately computed. The motion of the stem may be divided into ftwo
parts-fit, the motion imparted by the cam, and, second, the motion imparted by the hy-
drauIic pressure. The motion is imparted by the cam until the hydrafic force exceeds the
spring force by an amount sufficient to g.ke the stem a faster rate of lift than that gi~en by the
cam. The time required for the hydraulic force to reach this value can be comput~d from the
test conditions and from a consideration of the flow of a liquid between tvio parallel planes
moving away from each other. These computations will be greatly simplified if it be consid-
ered that the seat and the end of the stem are extended to form complete cones, that the OH
in the injection tube does not tiect the rate of pressure rise between the seat and st+un, and
that the pressure rises across the end of the stem at the same rate as at the smallest circum-
ference of the seat. The hydraulic pressure p at any point on the conical surface of the seat

.—

at a distance Zfrom the apex of the cone, under these conditions, is given by the equation

(A) -

where P= pressure at the larger circumference of the seat,
P = viscosity of the fuel oil,
~= veIocity at which the stem is lifted from its seat,
h= stem Eft or opening measured parallel to the stem &s,
a = angIe the conical surfaces of the seat make with a pkme perpendicular to the stem

axis, and
12= distance from apex of cone to its base measured aIong the conical surface.

Consider the fiow of a liquid between tw~ofixed paraLleI planes, separated by a distance h
(fig. 6), with the pressure gradient extending in the directions X and Y. The flow per unit -
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width in the directions X and Y, respectively, when h is small, is given by equations (1) and (2)
(reference 2),

u
h’ @_

‘~ ax

ha3 .. .. .-T=—12/,4t)y (2)

in which
prwsure.

U and T are the respective rates of flow, ~ the viscosity of the fluid, and p the unit
At the timing vaIve seats (fig. 7) there” are two conicRl surfaces moving ~way from

each other. Consequently, there is an excess of inflow over outflow to supply the increase of
volume betwean the surfaces. The pressure p between the seat and stem for arty lift of the stem
h varies from a maximum at r, to a minimum at the apex of the cone formed by extending the
seat. Consider a differential voIume (fig. 7) extending between the seat and stem and contained
between two planes normal to the conicaI surfaces at distances Zand ?+ti from the apex of the
cone, and between two planss that intersect~ong the axis of the stem making a small angIe 66
radians on the surfaces. When the stem moves from the seat at a velocity 17,, measured normaI

1 1.

““~-”“A “’

.. ;.

FmmE 6 FIGURE7.—Thningvalvee.eat

to the seat, the rate of increase of volume is ~7151Z~@.This rate of increase in volume
equal to the rate of increase in inflow, Equating the rati of increase of volume to the
increase- of inflow ob~ained from equation (1),

This reduces to
““’’’’=wy’”l”

{112 V,lp a @——. .
h,a al al

Integrating (3a),

6 ~7J21J= l?$ + c,
T

h
when Z= O, ~ = O. Substituting these values in equation

so that equation (4) becomes

integrating again,

when 1= J, p = P. Substituting

and

is 81s0
rate of

(3a)

(4)

(4) itis found that

(4a)

(5)

b

(5a)
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If 17is the rate at which the stem is lifted from the seat, measured parallel to the stem a.xi~ then

r~ = F Cos a,
and from Figure 7, --

h, =h Cos a.
Equation (5a) then becomes

h cos%(z=l~-
~=p _ ~w’ (5b), (A)

The pressure pl at rl for any lift his

(5C)

For the timing dve stem a is 80°, ZIis O.O54 inch, Zzis 0.072 inch, and the pressure P
at r2 is the injection pressure of 8,000 pounds per square inch. Experiments in this Laboratory
showed that at atmospheric pressure and 60°
F., the viscosity of the Diesel oiI used was 45
Saybolt seconds, corresponding to 0.000106
pound-second per square foot. (Reference
3.) The viscosities of oils of simiIar prop-
erties to the Diesel oil employed in this in-
vestigation (reference 4) are, for the average
pressure of these caIcuIations, between three
and four times their viscosities at atmos-
pheric pressure and temperature. The value
of three times the viscosity of the Diesel oiI
at 60° F. and atmospheric pressure was used
for p. Substituting these vaIues in (5c),

.-

PI= 1,152,000 – 0.00127 ~ ‘0-0’ 2)~j~0-0M)2

(6)
where pl is in pounds per square foot, F“&
feet per second, and h in feet.

The vahs of V and ii are obtained for
any instant from an en~argement of a record
of the cam-imparted motion of the stem.
The spring end of the stem, because of the
compression of the stern by the spring, was
lifted 0.00157 inch before there was any
actual opening between the seat and stem.
The time required for this lift was 0.00028
second. Consequently, the exact vrdues of

80#
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FIGCRE8.—W2sllm Sariationat Zest

1“ and h for the- tip end of the stem at the start of its lift could not be dekmnined. It was
assumed, however, that these values were the same as those of the spring end of the stem when
~ and h, as taken from the motion of the spring end of the stem, gave p greater than zero.

The pressure rise at 1, as the stem I.iftpd from the seat, obtained from equation (6), is plotted
in Figure 8. The curve shows that the pressure at the smahst circumference. of the stem was
97.5 per cent of the reservoir pressure 0.00011 second after the stem left the seat. The corre-
sponding lift between the seat and stem was 0.00085 inch.

The viscosity of the fluid has been treated as a constant in the derivation of equation (5c);
actuaIIy the viscosity varies with the prassure. (Reference 5.) Since equation (5c) is intended
to give only the order of magnitude of the pressure variations and since the value chosen for the
viscosity of the Diesel oil may be in error by as much m 100 per cent, it is believed that the
further complications introduced by considering p as a function of p are not just.i&d.
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The hydraulic force on the. stem ww of sufficient-magnitude 0.00011 wcond after the stem
was lifted from the seat to. lift the stem at. a faster rate than that caused by the cam. The
conditions under which the stem, was actuated at this. time. were:

Hydraulic force on stem= 153 pounds.
Spring for% on stem, 132 pounds+ (0.00086inch+ O.0157inch) 1,000 pounds per inch= 135 pounds.
Friction between stem and guide (obtained with spring b~ance with no pressure in valve) =5 pounds.
Weight of moving parta=O.130 pound.
Velocity of stem= 8.4 inches per second.
Lift of spring end of stem, 0.00086inch+ O.00157inch= O.Q024inch.
Time spring end of stem had been in motion (0.00011secobcl+0.00028second)= 0.00039second.
Spring scale: Cornprcwdon(by test)= 1,150 pounds per @JI; expaneion (by test)= 1,125 pounds per inch.
Compression of spring, 0.115 inch+ O.00085inch+ 0.00157inoh=O.1174 inch.

The equation for the motion of the stem when acjusted. by the hydraulic force is
—

I’H ,(M’-j) _~in_, (hap
t=tl+ ~ sin- ~- 1

in which
k=~’+k (7n???-2J?, +M,5--- ‘-” ‘“”

where

(B)

—

S1= compression of spring at bqginnkg of ofl imparted motionJ

s = any distance spring is compressed greater than 81,

tl= time of .traveIto 81,

t= time oitraveI Log,

m = mass of moving parts,

A= scale of spring,

f=hydratiic force on the stem mims fricticm of the smm in its guide, and

rl = velocity at 91.

Equation (B) is obtained from the general relation between force, mass, and acceleration,

F= ma (7)

in which F is the resultant force acting at the stem atfie time. t, and a is the acceleration of the
stem. The force F is equal to the difference betweendkm forcej and the restoring force of the
spring,

ma =j— tit (7a)

and

(7b)

Shce -..
dv, ~d””_d.~,

—

“=% –z

vdv=ad8 .. (8)
in which v is the velocity at .s. .
Substituting (7b) in (8)

~@=j~8 dg (8a)
m

Integrating between the limits of v apd VI

(9)

.,.

.

-.— ..—
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Integrating again between the limits ofs and s,,

U

;
t=tl+ ~ sin-l @!+b-1 ~ 1 (10), (B)

Equation (10) becomes, on substituting numerid values:

.
t =0.00039+* [sin-1 (78.6s– 10.1) – 1.65T] (lOa) .—-

where t is in seconds ands in inches. Equation (lOa) represents the time of motion of the t~hning
valve stem in term of compression of the spring. The lift of the stem S, is at all times 0.115

-. .—

in. less than the compression of the spring. Solving for S,
—.

S= 0.0135+ 0.01.27 SiIl (4.46 + lS49t] (13).

The curve for the variation of stem lift with time from equation (11) is plotted in fiure 9, - ‘-
curve e, and F~e 10, curve f,
for the 43-iich and 7-inch tubes,
respectively. The cuxves show
that the stem reached its maxi-
mum lift of 0.026 inch after the
stem had been in motion 0.001 S
second. The stem trawIed to a
higher maximum lift than would
have been obtained from the hy-
draulic force aIone, because of
the inertia of the moving park.
The stem then returned to the
position at which the hydradic
force plus the friction of the stem
in its guide were in equilibrium

%7% seconds

.FmruE 9.-Com@ed and wtuaf motfon of the timing wake stemwith the 43-fmhtuba.
Initial @ng comprweion, 133 pxmds. h.ktlon pressure, 8,000 lbJeq In. Inltkl
pressurefn the fnjection vdre tuM, l,Wl Ib./eq. fn. Cnrre s-computed motion;
curwd-actm31 motion

with the spring force. - The static pressure in the oil reservoir and consequent.ly the hydraulic
force on the valve stem was continually reduced by the “flow of oil through the timing valve.
This flow suppkl the oil for the cmnpreasion of the oil in the injection vske tube, for the
expansion of the tube walls, and for the discharge through the injection valve.

Computations for the 43-inch injection tube (appendix) show that the compression of the
oiI in the tube was compIeted in 0.0032 second agd that the pressure in the oil reservoir was
7,s3o pounds per square inch at that time. The forces on the stem with this pressure were in
equilibrium at a lift of 0.022 inch. Consequently, the computed curves passed through the
point whose coordinates were 0.0032 second and 0.022 hch. The discharge of oiI through the
injection valve for both tubes caused a drop of static pressure which gave the computed curves
a downward slope of 0.0005 inch for each 0.001 second. Therefore, a line was drawn for the
43-inch tube (&. 9) through the point (0.0032 second, 0.022 inch) with this slope and extended
upward to the left until it intersected the curve from equation (11), and downward to the
right untiI it intersected the abscissa 0.0043 second, at which time the by-pass valve was
opened.

Siar computations for the 7-iich injection tube show that. the compression ~f the oil
column was completed in 0.0006 second and that thq pr=ure in the oil rwervoix when the maxi-
mum lift was reached was 7,940 pounds per square inch. The forces with this pressure were
in equilibrium at a lift- of 0.024 inch. Consequently a Iine was drawn starting at the second
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intersection of the curve from equation (11) with the ordinate 0,024 inch and extended down-
ward to the right with the same slope as used for the 43-inch injection tube until it intersected
the abscissa 0.0048 second.

The oiI force on the seat and end of the stem diminished as the oil flowed through t.ho by-pfiss
valve, so that the spring forced the stem back to the seat. The stem motion for the closing of the
timing valve can be computid if the rate of prassure drop in the timing valve is known. The ap-
proximate rate of pressure drop at the stem was obtained as follows, assuming the static oi~pressuro
throughout the tube was @ected instantaneoudy by the discharge through the by-ptiss mdve:

The motion of the by-pass valve was determined from the cam contour and linkage. An
increment of Iif t was taken and the average pressure difference was determined for this lift by the
meth d used for the opening of the t@ng valve.

J’
The amouni of oil passed through tho by-pass

valve was calculated by the method used in the Appendix for the timing valve. The averago
pressure in the injection tube was obtained from the amount of oil discharged through the
by-pass valve and the amount of oil passed through. the timing vaI~e and through the injection
valve, the average- rate of flow through the injection valve being determined experiment.ally
(Appendix). The procedure was repeated until the computed pressure in the injection tube
was reduced sufficiently to permit the closing of the timing and injection valves,

The pressure in the oiI reservoir at the end of injection determined by this method was
found to be within 1 per cent of the

.030 observed pressure in the reservoir at the
~ end of injection. The results of these
<g.02U calculations are “represented by tho short
.- dashed lines in F~ure 9 and F~ure IO.
~ These sections of the curves would have
E .010~ represented the traveI of the timing vaIvc
Y1 stem were it not for the inertia of the

o
moving parts and the. inertia of the oil

-.7 to be displaced. They represent the~~, second..
FIGUEB10,-C!ompnted and ectnatmotion of theetemforthe 7-inchtube. Initial rate of pressure decrease in the tube.

s@ng compression,180 pounds. Injection pressure,S@l lb./~. in. Inltid The inertia of the oil can be dis-
presmrein tha injeotlonvalve tobq l,COOlb,/sq. In. Cnrre f-c@mDukd moth
come g-mtti motion regarded since it is negligible in coJn-

parison with the other forces, Tho
instantaneous lag due to the inertia of the moving parts can be derived from tho conditions
at the start of the closing “motion and the rate at which the pressure dropped at the end
of the stem. The forces acting on the stem at the start-d the closing motion were the
hydraulic force and the friction of the stem in its guide, both tending to hold the stem in t.ho
open position, and the spring force tending to move the stem to-the closed position. Cking the
same symboIs as before, with the exception thatj is now the sum of the hydrauIic force and the
friction, the equation of the closing motion is

f=h+nla (12)

For any instant, j is equal to C+ Kt, in which C is the hydraulic force at the beginning
of pressure drop plus the friction, K is the rate of decrease of hydraulic force, and t the time
measured from the beginning of opening of the by-pass valve. Then

d%
‘+-=t=hs+ m @

The complete integral of (13) is

when

(13)

(14)

Then
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DiRerentiating equation (14),

$=AJ:COS(J:,)+:

Substituting and salving for A,

/
~.lci

A\ x
Substituting in (14)

,=;+:.:l/&(wgt) (15), (c)

Substituting numerical values and aching for S, the equation of the clos~g motion of the
timing vrdve stem with the 43-inch injection tube is

,.
——

S= 0.0214–1547t+ 0.00S3 Sill (1828t) (16)

and with the ~-inch injection tube is

~= 0.0232 – 70t + 0.0383 Sill (1828t) .(17)

The curves from these equations are plotted as continuations from the abscissa 0.0043 see-.
ond of curve (e) (fig. 9), and of curve (f) (fig. 10).

The experimental curves (fig. 5) are reproduced in Figures 9 and 10 for comparison with
the computed curves. The curves indicate that the motion imparted by the oil pr-ure started
at the same time for both the experimental and computed curves.
The variation between the computed and ex-perirnentaI curves for the
opening of the valve indicates that the pressure across the seat and
end of the stem increased at a slower rate than was computed. The
curves agree closeIy for the m~tium pressures on the stem and for
the times and the rates of cIosing of the valve.

APPLICATION OF THE RESULTS OF AN~LYSIS TO AN AUTOblATIC
FUEL-INJECTION VALVE

The opening and closing motion of. the spring-loaded stem of an
automatic fuel-injection valve can be obtained from the foregoing analy-
sis if the variations of the hydraulic force acting on the stem are known.
Consider an injection valve (fig. 1I ) of a fuel-injection system for an
oil engine, the pressure in the system being buiht up directly by a cam”
operated fuel pump and released by a by-pass valve. Assume the
following operating conditions:

Ht&rii spri&force, 40.9 pounds. FIQCM 11.-Sprfn&hxded auto-

IIelical spring scale, 1,000 pounds per inch deflection.
matfc fue! Inlectlon valve

Area of A nornd to stem axis, 0.0153 square inch.
Area at stem seat normal to stem, 0.0123 square inch.
Friction of stem in its guide, 5 pounds.
Hydraulic opening pressure of injection valve, 3,OOOpounds per square inch.
Fkimum hydraulic pressure, 8,000 pounds per square inch.
Engine speed, 1,000 R. P. M.
Fuel-injection period at full load on the engine, 36° crank-shaft traveI, 0.006 second.
Time for pressure to increase from openi~~ pressure of the injection valve to maximum,

0.006 second.
Rate of pressure rise throughout the injection-tube length during the period of injection,

constant (5,000/0.006 pounds per square inch per second), 833,000 pounds per square inch per
second.

weight of moving parts, 0.04 pounds.
Maximum alIowabIe Iift of injection-valve stem, 0.015 inch.

—

.—

_...——
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The hydrauli~opening pressure of 3,000 pouni_& per squaro inch in the injectio~ valve,
acting on the annular area A, is sufficient to overcome the spring force and the friction force
of the stem in its guide. The hydraulic force does not. act at- the end of the stem until the stem
has lifted sufficiently for a pressuro to build up between the seat and stem. It was shown in this
report, for approximately the same conditiom, that the stem rises from the seat- about 0.001 _.
inch before the pressure between the seat and stem P“ses to. that in the injection tube. An
equation, therefore, is developed which will give this early part of the stem motion to a lift of
0.001 inch. For this motion, only the hydraulic force acting at the annular area A is cQn- “.
sidered; the increasing hydraulic force at the end of the stim during the interval may be
neglected without appreciable error. Equation (15) may be used, sinco the hydraulic force
varies directly with time and the stem starts from rest.. . .

L-.

(15)

When s is in inches, 0 is in pounds, his in pounds per inch, K is in pounds per second, and
t is in seconds, m ia wig, where w is the weight of moving parts of the valve in pounds, and g
is tho gravitational acceleration in inches per second per second. For this Valve, C is the

.0/5

0
al

~ .OJO
,.
y
+
<005

$

.0 .00/ .002 .003 .004 .005 .006 .007 ““ ‘-
hq seccnids .

FIcurm 12.-C0mput8d mot[on 0[ a aprlngkaded automatic injection vabw
stem. SjrrlnEwale, l,WOlbJhreh. Wefghtof movfngW 0.04lb. Open-
hg prmmw of h.rjeetfonvelve, 8,~ lb./ma.In. Maximum pressurein injec-
tiontubs whenby-mm valveowmd, 8,MIlbJsti. in. ‘Timeforatatlcpreseure
in fnjoetiontubeto rimfrom6,0Wto 8,M0lbjeu. [n., O.Wtlsecond. Maximum
stemllft allowable,0.015!ncb

hydraulic forco on. the area A at the b-~g of t~~otion of the sWm minus the friction of
the stem in its guide,

(7= 0.0153 square inch X3,000 pounds per square inch – 5 pounds =40.9 pounds,

K is the rate at which the hydraulic force acting on-the stem is increasing.
K= 833,000 pounds per square inch per second X 0.0153 square inch= 12,750 pounds per second

Substituting numerical values in equation (15),

40.9 ~12750t 12750
4

0.040 .
(J

1000 X 386 ~
8=1000 ‘–—1000 1000 1000 X 386 m 0.040 )

.

(15a)

s=O. 0409+ 12. 75t– O. 00410 sin (3106t), (15b)

where s is the .compresaion of the spring in inches. The stem lift $’ is s minus the initial com-
pression of the spring or s – O. 0409 inch. Then,

S= 12. 75t– 0.00410 sin (3106t) (18)

The curve of this equation (@. 12) shows that the lift of 0.001 inch is reached in 0.00037 _ ..
second. The increase of pressure im. the system for. this intirval of time is 308 pounds per
square inch.
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The hydraulic force acting on the stem during the remainder of the motion is that acting .. ._.. __-:. -.

at the annular area A and at the end of the stem. Equation (14) is applicable to this part
of the motion,

(14)

in which tl is O when t =0.00037 second. The hydraulic pressure is now acting on the entire
area of the stem.

Therefore,

--—

C= 3,308 pounds per square inch (0.0153+ 0.0123) square inch – 5 pounds= S6.3 pounds.

K=833,000 pounds per square inch per second (0.0153+ 0.0123) square inch =23,000 pounds
per second

The constants of intimation in equation (14) are determined from the known iuitiaI --. .-—
conditions of this part of the motion. men h = O, ~=0.042 inch. Substitut@ these valu~
in equation (14) and sol V@ for the constant B,

o.042=8~+o+A sin(0)+B Cos (0)

B= – 0.0443

Further, when t= O, #~ the veIocity, is that which is obttined by differentiating equation
1

(15b) with respect to t,
ds d
~ =Zt [0. 0409+ 12. 75t-O. 00410 sin (3106t)] (19)

$=12. 75–0. OO41OX31O6 CO’ (3106t) (19a)

when t= 0.00037

(14) to determine

ds ds
second, ~ =7. 56 inches per second=- — for G= O. Differentiating equationdt,
the other constant of integration,

ds _ lx
-xAcos(l/:~l)-l/~is~ (&~I)+:

@–yna
(20)

Substituting ntmerical value and solving for the constant A, when G= O,

7.56 =3106 X~ COS(O)–31O6XO.O443 sin (0)+2- (20a)

A = –0.00497

The equation for this part of the motion becomes,
S=0.0863 +23fl– 0.00497 Sti (3106tl) – 0.0443 COS(3106tl) (21)

tl = O when t= 0.00037 secotid, or tl =,(t– 0.00037) second.
Substitut~hg in equation (21),

S=0.0863+ 23(t– 0.00037) – 0.00497 sin [3106(t– 0.00037)] —0.0443 COS

[3106 (t– O.00037)] (22)

S=0.0778 -f-23t– 0.0424 Sill (3106t) –0.0136 COS (3106t) (22a)

The stem motion S is (s – 0.0409).

~ =0.0369+ 23t – 0.0424 sin (3106t) – 0.0136 COS (3106t) (23). -d..... -,-

—. --—

-L :—-. —
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The curve (~. 12) of this equation shows that the maximum lift~of 0.015 inch was reached
in 0.0006 second and that the time of opening for this valve is 10 per cent of, the injection period
at full load on the engine. The bouncing of the stem against the stop is neglected.

The by-pass valves ordinarily employed in the fuel injection systems for oil engines open so
rapidly that little error is introduced in the computations for the closing motion of the auto-
ma tic injection valve stem.if it is assumed that the pressure at the valve drops to zero instan-
taneously. The only force resisting the spring during the closing motion of the stem is the
friction of the stem in its guide. Consequently equation (12) represents this part of the motion
The complete integral of equation (12) is

‘=Ash(J2’~)+B’0~(Js2)+i ““” ’24) ‘“”

For convenience in the computations, tz ia taken as zero at the start of the closing
motion. Then, when fz=O, 8 =0.056 inch, Substituting in equation (24),

0.056 =A Sill (0)+~ CO’ (0)+~5~ ..

B= O.051 ..:. --, ,--—-

Also, when f,= O, ~= O. Differentiating equati~g (24) with respect to t~,

Substituting numericaI values,

O=31O6XA. COS(()) –3106:X B sin(()]

A=(I

Substituting in equation (24)

s =0. 051 CO’ (3106t2) + 0.005 (~~)

The equation for the movement of the stem is

~= 0.051 COS(3106t,) -0.0359 (27)

The curve of equation (27) (fig. 12) shows that the injection vaIve stem returned to its
seat in 0.00025 secc-nd. The velo&y ~~ith which the

found by differentiating equation (26) with respect to

second. The value obtained ia 9.3 feet per second.

CONCLUSIONS

stem came against ita nozzle seat is

tz and solving for $; for ta= 0.00025

Experiment and analysis indicate that during the operation of an injection system em-
ploying an automatic injection valve the rate of ofl pressure variationa in the injection tube
and valve difler considerably for different Iengths of tubes. For the injection system and the
pressure conditions investigated in this work, the analysis, substantiated by experimental
results, shows that when a 43-inch injection tube with a one-eighth-inch bore was used the

compression of the oil column in the tube was not completed until 0.0028 second after the timing
valve started to open, whiIe when a 7-inch injectiori tube of the same bore was used the time
to complete the compression .w.as 0.0003 second. After the opening of the by-pass valve, the
pressure in the injection tube was reduced to the cIosing pressure of the timing valve 0.001 second
earlier, and the timing valve closed 0.0005 second earIier with the 7-inch tube than with the 43-
inch tube, although the by-pass valve opened at the same time for both tubes.
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The resuh of an amdysis based on the flow of a Iiquid between two parallel phmes show
that the hydraulic-pressure variation between the seat and stem of a fuel needle md-re for very
smaU Iifts is tiven by the equation:

~=p_3P:@a’-l’) -.
h Cos?a

,.

where p = hyclradic pressure on the conicaI surface of the seat for any lift h at dist ante 1fkom the -.-k
apex of the cone which is foimed by extending the conical surfaces.

F’=pressure at the large circumference of the seat.

p= viscosity of the fuel oil.

~= velocity at which the stem is lifted from its seat.

h= stem lift or opening between the seats, measured along the stem axis.
,1

-.

a = angle the conical surfaces of the seat make with a phme perpendicular to the stem axis. ..—_—

1*= distance from apex of cone to its base, measured aIong the conical surfaces.

For the conditions of operation of the timing va.ke employed in these t=ts the pressure p
at the smalIest circumference of the timing val~e stem reached 97.5 per cent of the pressure P
when the stem had lifted approximately 0.001 inch.

_——

The results of an analysis of the forces acting on the tire@ valve stem when its motion is
controlled by the hydraulic force of the fuel oil show that the motion of the stem is gken by
the equation:

where j= hydratdic force on the stem at any time t seconds after the motion started plus or
minus the friction of the stem in its guide.

h= scale of the spring.

s = distance spring is compressed in t seconds after motion started.

m = mass of moving parts.

Relations for the Iift of stem with time maybe obtained from this equation for any particular
hydraulic pressure variations.

The results of the analysis of the pressure variations and the equations of motion presented
in this report for the timing valve are applicable to spring-loaded automatic injection vakes,

—

and in general to sII hydrrndically operated valves.

LANGLEY Nl~ORIAL AEROXA~ICAL LABOBATOET,

lYATIONU ADVISORY COMMITTEE FOR ~EEONA~CS,

LANGLEY FIELD, VA., December t%’,1998.
lo-m7~
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APPENDIX

COMPUTATIONS OF THE PRESSURE IN THE INJECTION VALVE TUBE AT COMPLETION OF COIH-
PRESSION OF THE OIL IN THE INJECTION TUBE AND OF THE TIME TO COIHPLETE THIS

—

COMPRESSION

Before the pressure in the injection tube approximates t-hat of the oil reservoir, sufhcient oil
flowed thro~mh the timig valve for the compression of the oil column in the injection valve tube,

.—

the expansion of the tube walls, and the discharge through the injection vake. The compres-
sion of the Diesel oiI in the 43-inch injection tube was computed to be 0.0132 cubic inch for the
increase in pressure of 7,000 pounds per square inch.

.—
These computations were based on data

given in reference 4. The vohrne supphd for the expansion of the tube walls waa computed
to be 0.0006 cubic inch. The vohune discharged tkwough the injection vd~e during the interval
of compression was the product of the a-rerage rate of discharge and the interd of time the

...— —

injection vaIve was opened. The average rate of discharge from this valve under the test con-
ditions was found by experiment to be 1.99 cubic inches per second. Experiments made in this ...1
laboratory showed that with the 43-inch tube and the conditions assumed here the injection vrdve
opened 0.0015 second after the timing vaI-re started to open. The vohrne discharged tbxough

—

the injection vaIve was (t – 0.0015) .1.99 cubic inches, where t is the time required to raise the
pressure in the injection tube to the maximum value.

—.

The time t can be obtained from the equation
:-,

where T= average velocity thrcngh the timing vaI-re.

f= time required to raise”the pressure in the injection tube to that of the oiI reservoir. .-

A= average area of opening of timing vaIve, 0.004 square inches for a lift of 0.026 inch.

C= voIume discharged through timing yslre during completion of compression in the
injection vaIve tube.

tit0.004 =0.0132+0.0006 + 1.99 (#–O.(1015] (la)

The average velocity of flow is obtained by equating the 10ss of strain or resilient energy
per unit weight of the oil in the oil r=ervoir to the kinetic energy per unit weight into which

. .

it was transformed as it flowed into the tube. The resfient energy per unit weight which is
stored in a Liquid, and which is transformed into kinetic energy as the pressure is released, can
be found by considering a liquid volume of a unit weight that is subject to a pressure which

decreases by an amount p. fi~From the unit strain and unit strw reIation ~= =,
—

(2}

where f?= change in vohnne for the change in stress p,
B= original volume or l/p for unit might, P being the density of the fluid,
K=bulk modulus of the fluid, which varies but little for the pressure range considered-

The change of volume is —,

/g=.& (2a}

5s7
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Theditlerential energy reIeaaed per unit weight&ra differential prewurechangois

Integrating equation (3) between the limits p~ and pl the total energy released is

E=?$#

Equating the Iosa in resilient energy per unit weight to the kinetic energy per

q=$=;g

where PS is the pressure in the oil reservoir, m is the pressure in the iniection tube,

(3)

--–- (4)

unit weight,

(6)

and v is the.-–
velocity through the timing vake at any time during the flow. The dissipation of energy duo to
the viscosity of the oil haa been neglected since little is known of internaI losses in the oil at the
high pressures considered. The small deviation between the computed curve for the cIosing
of the valve and the experimental curve indicatas that the effect of the viscous dissipation of
energy is small. Solving (5) for

d
,. *’ ‘ (5a)

The average veIocity is

(6)

Differentiating equation (5a), &bstituting in equation (6), and integrating between tho limits
PZ=8,000 pounds per square inch and PI= 1,000 pounds per square inch, the average velocity
is found to be 121 feet per second. Substituting in equation (1a).

t= 0.0028 second “

The compression of the oil in the injection tube was completed 0.0028 second after the
timing valve stem left the s~at. The total time from the beginning of the stem motion was 0,0028
second plus 0.00039 second, or 0.0032 second. The total oil volume that Ieft the oil reservoix
during tlis time was 0,0132+ 0.0006+1.99 (0.0028 – 0XK115)= 0.0164 cubic inch. This reduced
the pressure in the oil reservoir ta 7,830 pounds per square inch.

—.. .-
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